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Abstract— Progressive supranuclear palsy (PSP) is a
neurodegenerative disease with severe gait and balance
deficits. There are no effective ways to assess dynamic
balance during walking in PSP. The Lyapunov Floquet
(LF) theory has been utilized to study dynamic balance in
healthy and pathologic gait but has not been applied to PSP
affected gait. In the current study, the medio-lateral motion
of the center of mass during gait for 40 patients with PSP
(PSP group) and 33 healthy older adults (Control group)
were studied. Metrics from LF theory, such as the maximal
Floquet multiplier (FM), maximal long-term Lyapunov Expo-
nent (LE_), and maximal short-term Lyapunov Exponent
(LEs) were used to study walking stability. Although all
the gait dynamics for all the participants were stable and
non-chaotic, the PSP group was observed to be closer to
an unstable system and more susceptible to perturbations
(IFM| closer to 1 and LE,_ closer to 0) than the Control group
(p < 0.001). The control group’s stability deteriorated, and
the gait system became more susceptible to perturbations
with age. Such a trend was not observed in the PSP group.
The risk of falls increased with increase in cadence in the
PSP group (p < 0.001). These findings demonstrate the
potential of LF theory measures to evaluate dynamic sta-
bility in patients with PSP and the need for future research
using quantitative measures.

Index Terms— Progressive supranuclear palsy, parkin-
sonism, dynamic balance, gait disorders, nonlinear dynam-
ics, assessment in rehabilitation.
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|. INTRODUCTION

ROGRESSIVE Supranuclear Palsy (PSP) is a rapidly

progressing, fatal neurodegenerative disease characterized
by early onset of severe gait and balance abnormalities [2],
[3]. The approximate age of disease onset for PSP is 40 years
and older [4], [5]. PSP is often misdiagnosed as Parkinson’s
Disease (PD) due to the similar symptoms and disease pre-
sentations especially early in the disease course [6], [7].
One of the cardinal features that distinguish PSP from other
parkinsonisms is early onset of postural instability leading to
falls. Quantified gait analysis has been used to detect gait
and balance abnormalities in PSP that may not be evident on
clinical neurologic exam [8], [9]. Spatial temporal parameters
show slow velocity, short stride length, reduced cadence and
increased support times [10]. Balance abnormalities have
focused on sway, which is a measure of static balance that
is worse in PSP than PD and controls [11], [12]. Double
support time during stance phase has been used by some
as a surrogate of dynamic stability but does not offer a true
evaluation of stability during walking [8]. Dynamic instability
is a prominent early clinical feature in PSP which contributes
to falls, disability and loss of independence [13]. Hence, an
objective measure of dynamic balance of PSP affected gait
is required and could provide early and accurate diagnosis.
In our research, we investigate Lyapunov Floquet (LF) theory
metrics as a measure of dynamic stability in PSP.

The dynamics of human walking can be approximated as a
periodic time varying system. Dynamical system analysis tech-
niques, like the LF theory, allow for the analysis of dynamic
stability and the chaotic nature of such an approximated
system. Metrics, such as the Lyapunov exponents (LE) and
the Floquet multipliers (FM), derived from the LF theory have
been applied to quantify dynamic stability during walking [14],
[15], in neurological gait disorders such as multiple sclerosis
[16] and cerebellar ataxia [17], and have been shown to
identify fall-prone individuals [18], [19]. A dynamical system
is considered stable if the absolute value of FM < 1 [20].
The LE is used to analyze the chaotic behaviour of dynamical
systems and the rate at which the system approaches/diverges
from its attractor/repeller respectively. In a dynamical system
representing gait, an attractor represents a state of stability
(e.g., stable walking or stand still) toward which the gait
dynamics naturally converge over time. Conversely, a repeller
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corresponds to a state of unstable gait pattern (e.g., falls) from
which the system diverges, highlighting instability or unsteady
behavior in walking. A system with LE < 0 is considered
stable. In a simulation to examine the stability of human
walking, Bruijn et al. showed that LE when calculated over
0.5 gait cycle (LEs) may be a valid predictor of global gait
stability [21]. Su and Dingwell observed that in a simulated
walking model with perturbations, an increase in LEg captured
the increased risk of falling [22]. Similarly in human gait
studies, Kurz et al. studied gait stability (amount of divergence
in the attractor’s dynamics during walking) using LE, and
observed that the LE was greater in patients with idiopathic
PD compared to younger healthy individuals [23]. Another
human gait study performed to measure dynamic stability
showed that LE when calculated over 10 gait cycles (LE;)
was more sensitive to gait instability in the medio-lateral (M/L)
direction [24].

In this study, we investigated an application of the LF theory
to PSP affected gait to identify a measure of gait instability. To
our knowledge, such an application has not been successfully
defined previously. The primary hypothesis tested was that the
metrics derived from the LF theory that describe the stability
and chaotic behavior of the system (LEp, LEs, and FM)
would be different for PSP affected gait compared to healthy
individuals within a similar age range.

Il. METHODS
A. Participants

The patients with PSP were recruited from the Neurode-
generative Research Group (NRG) in the Department of
Neurology, Mayo Clinic, Rochester, MN (NIH NINDS ROl
NS089757 AND K23 NS124688). Study participants fulfilled
the 2017 Movement Disorder Society clinical criteria for PSP
[5] and were able to walk with or without assistance. Exclusion
criteria were immobility due to advanced disease stage or
an alternative cause of gait impairment such as Parkinson’s
disease, severe degenerative arthritis, or amputation.

For the control group, healthy participants (above 50 years
of age, community dwelling, without any diseases/conditions
that affected their gait) were recruited from the Rochester, MN
community using solicitation methods such as flyers, reaching
out to individuals from previous studies, and the Rochester-
area Older Adult Registry (ROAR) [25]. ROAR is a Mayo
Clinic community-based, longitudinal primary care population
of adults > 65 years of age that collects information to
address scientific questions on determinants of healthy aging.
The healthy participants in the current study did not undergo
a lower extremity surgery and had normal neuromuscular
exam.

Informed consent was obtained prior to data collection
under the guidelines set by Mayo Clinic’s institutional review
board (No. 20-013160, 23-004889, and 15-004618).

B. Data Collection

All data collection was conducted in the Motion Analysis
Laboratory, Mayo Clinic, Rochester, MN. Demographic data,
such as age, height, and body mass were collected initially.
A neurologist measured disease severity within the PSP group

using the progressive supranuclear palsy rating scale (PSPRS),
and PSPRS gait midline (PSPRS-GM). All participants were
instructed to walk barefoot at a comfortable pace on a 10m
level ground walkway for a minimum of 5 consecutive trials.
Participants in the PSP group were secured in a ceiling-
mounted, fall-safety harness system (harness vest shoulder
straps adjusted such that participants could freely achieve
15-degrees of trunk flexion from standing) for all trials.
Since patients did not use assistive devices or therapist assis-
tance during testing, the safety-harness did not influence our
findings. Three-dimensional trajectory data for retroreflective
markers placed on the bilateral heels (RHEE, LHEE), and
posterior and anterior iliac crests (RPSI, LPSI, RASI, and
LASI) were collected at 120Hz with a 14-camera motion
capture system (Raptor 12HS, Motion Analysis Corporation,
Rohnert Park, CA) for all trials. The first and last two strides
for each trial were omitted to account for gait initiation
and termination, resulting in an average of 19 total strides
being analyzed over 5 trials. The timeseries data were further
processed to eliminate frames with incomplete data due to poor
marker visibility and were exported for analysis. Collection of
clinical data and the gait study were performed on the same
or adjacent days.

C. Data Processing

The average of the RPSI, LPSI, RASI, and LASI markers
in the M/L direction was considered a surrogate for the M/L
movement of the center of mass (CoM) and the average of
the RHEE and LHEE markers in the M/L was considered a
surrogate for the center of pressure (CoP) [26] (Fig 1 (a)).

The trajectory of the CoM relative to the CoP in the
M/L direction (y(#) = CoMy, — CoPyy) was calculated and
the averaged value of the trajectory was subtracted (mean
normalization). All 5 trials were stitched together and fil-
tered for noise (lowpass Butterworth filter with a cutoff of
10 Hz [27]) to form a longer dataset (Y(¢)) (representative
example in Fig 2 (a), (c)) [1]. The application of LF theory
to a stitched data set was validated by Sloot et al. [28]
and a previous study [1]. A phase space representation for
the system was defined as m(f) = [Y (¢),Y (t)] where Y (f)
is the time derivative of Y (#) (graphical representation in
Fig 2 (b), (d)). Using an optimized time-delayed embed-
ding, system estimation was performed to obtain the system
M@) = m@),m@+71),m@+27),...,m( + nt)] where 7
was the time delay, and n was the embedding dimension
[1]. The monodromy matrix for the system was calculated as
®(T) = M(T)M~'(0). The eigen values of the monodromy
matrix were the FM. The eigenvalues of R, where R =
(log (®(T)) /T), were the Floquet exponents. The real parts
of the Floquet exponents were the LE; . Short term LE (LEg)
was calculated using Rosenstein et al’s algorithm [29]. The
mean values of the FM, the maximal values of the LE; and
the maximal values of the LEg were used to compare the
stability and the behavior of the system under perturbations
[1]. An LE > 0O indicated poor perturbation tolerance and the
system was termed chaotic, and a FM > 1 indicated an unstable
system. All calculations were performed in MATLAB 2021b
(MathWorks, Natick, MA).
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Fig. 1. (a) Frontal plane representation of the subject during gait,

(b) Representation of the calculation of y(t) using the position of the
CoM relative to the CoP, (c) Mean normalized medio-lateral (M/L)
trajectory of the CoM for 5 trails. The movement of the CoM was similar
for each ftrial. LPSI: Left superior posterior iliac spine; RPSI: Right
superior posterior iliac spine; LASI: Left superior anterior iliac spines;
RASI: Right superior anterior iliac spines; CoM: surrogate center of
mass; CoP: surrogate center of pressure. [1].

D. Statistics

The participant’s demographics data (age, height, body
mass, and cadence) were analyzed using a Welch two sample
t-test for any differences between the groups (Control vs. PSP).
The normality assumption was tested using the Anderson-
Darling test. An ANCOVA test was used to analyze the
differences in the dependent variables (maximal LE; , maximal
LEg, and mean FM) between the Control and PSP groups. The
assumptions for ANCOVA were tested using the Anderson-
Darling test (for normality of residuals) and the Levene’s test
(for homogeneity of variances). Any demographics variables
found to be different between the groups, along with sex,
were used as the covariates in the ANCOVA test. Any co-
variates that had a significant effect on the dependent variables
were used in a linear regression for post-hoc comparison.
Spearman’s rank correlation test was used to study the corre-
lation between the LF metrics (maximal LE;, maximal LEg,
and mean FM) and the disease severity measures (PSPRS and

(a) CoM movement (patient with PSP)
60
30

-30
-60

0 10 20 30
time (seconds)

(b) Phase Space (patient with PSP)

4_
2_
)
el
-21
-4
-60 -30 0 30 60
Y
(c) CoM movement (healthy adult)
60
ol A MM AAME
E o0
> -30
-60 1,

0 5 10 15 20 25
time (seconds)

(d) Phase Space (healthy adult)

4]
2_
5 A
20 it
: Wl
S\
24 % ""*4//
Y 4
-4
-60 -30 0 30 60
Y
Fig. 2. Representative CoM data for a participant with PSP and a

healthy participant. (a) and (c) Stitched and filtered CoM data; (b) and
(d) Phase space representation of the system with the CoM data on the
horizontal axis, and the derivative of the CoM data on the vertical axis.
The start and end points are marked on both the graphs for reference.

PSPRS-GM). Statistical significance was set at p < 0.05. All
analyses were performed using RStudio [30].

[1l. RESULTS

A total of 48 patients with PSP and 40 healthy individuals
were recruited. Due to technical issues during data collection,
only the data for 40 patients with a PSP (PSP group) and
33 healthy individuals (Control group) could be used for the
current study. All participants in the study walked without
the use of assistive devices or assistance from the study staff.
The PSP and Control groups were similar in height and body
mass. The participants in the PSP group were 7 years older
(p <0.001) and took 5 less steps per minute (p < 0.001) than
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TABLE |
PARTICIPANT DEMOGRAPHICS (MEAN £ STD. [RANGE])
Control group PSP group Statistics
N
[Male/Female] 33 [15/18] 40 [19/21]
Age (years) 64+ 10 [51 to 82] 71 +£7[58 to 86] p=10.001
Height (m) 174 91'29][1'5 © 1 759[151019] | p=0283
Body Mass 778+ 13 [54.6t0 | 76.3+ 18.5[48.6 t0 069
(kg) 102.6] 117.8] p=o
Cadence
(steps/min) 55+ 4 [48 t0 61] 50+5[38t059] | p<0.001
PSPRS - 35+ 12 [12 to 58] -
PSPRS-GM - 10+ 4 [2t0 16] -
(a) (b)
* |
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Fig. 3. Violin plot and boxplots for the Control and PSP groups.

(a) The maximal LE, was greater for the PSP group than the Control
group (p < 0.001). The red shaded area indicates a chaotic system.
(b) The mean FM was greater for the PSP group than the Control
group (p < 0.001). The red shaded area indicates an unstable system.
Statistical significance is denoted by an asterisk (*).

the participants in the Control group (Table I). Hence, sex,
age and cadence were considered covariates for the ANCOVA
tests. Additionally, none of the participants in the PSP groups
fell during data collection.

A. ANCOVA Tests

The behavior of PSP affected gait was closer to a chaotic
system (maximal LE; = -0.17 + 0.18) compared to that
of healthy gait (maximal LE; = -0.3 £ 0.29) (p = 0.015)
(Fig 3 (a)). The values of maximal LE; indicated that PSP
affected gait was more susceptible to perturbation compared
to healthy gait. Cadence and sex did not significantly affect
the value of maximal LEy of either the PSP affected gait or
healthy gait (p > 0.05). The value of maximal LE; reduced
with age (p = 0.005) (Fig 4). The maximal LE| for all the
participants were less than zero. Hence, the gait for the studied
PSP participants and Controls was chaotic in nature, with the
PSP gait being more chaotic.

Short term LE was similar for both groups (Control group:
2.58 £+ 0.31; PSP group: 2.6 £ 0.44; p = 0.74). The
participant’s age and sex did not affect this metric (p > 0.05)
while the risk of falling, as measured by LEg, was significantly
increased with increasing cadence (p < 0.001) (Fig 5). This
indicated that LEg was not able to reliably distinguish fall risk
among PSP and control participants.

-2 PSP _*_ Control

Group

0.0

Maximal Lyapunov Exponent

-1.2

50 60 70 80
Age (years)

Fig. 4. Post-hoc linear regression analysis performed on the Control
and PSP groups. The maximal LE for the Control group increased with
age (p = 0.03), but such a relationship was not observed in the PSP
group (p > 0.05). The red shaded area theoretically indicates a chaotic
system.
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Fig. 5. Post-hoc linear regression analysis performed on the Control
and PSP groups. The maximal LEg for the control group did not change
with cadence (p = 0.55). The maximal LEg for the PSP group increased
with cadence (p < 0.001), with the risk of falling increasing with cadence.
The red shaded area theoretically indicates a chaotic system.

The FM for PSP affected gait (0.79 4 0.15) was closer to the
condition of instability compared to healthy gait (0.68 £ 0.18)
(p < 0.001) (Fig 3(b)). Cadence and sex did not significantly
affect the stability of either the PSP affected gait or healthy
gait (p > 0.05), but age affected the stability significantly
(p = 0.003) (Fig 6). Therefore, the FM indicated local insta-
bility in PSP affected gait.

B. Regression Tests

Age significantly affected the maximal LE; . Linear regres-
sion analysis was performed post-hoc to study the relationship
between age and maximal LE; and stability. The gait in the
control group became less tolerant to perturbation with age
(slope = 0.1 per decade; R?> = 0.11; p = 0.03) (Fig 4). The
effect of age on the perturbation tolerance of PSP affected gait
was absent (slope = 0.06 per decade; R?> = 0.03; p > 0.05)
(Fig 4). Therefore, PSP affected gait stability independent of
age.

Cadence was a significant factor in the increase of risk of
falling as measured by LEg. Post-hoc linear regression analysis
showed that risk of falling did not change for the healthy
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Fig. 6. Post-hoc linear regression analysis performed on the Control

and PSP groups. The mean FM for the Control group increased with age
(p = 0.02), but such a relationship was not observed in the PSP group
(p > 0.05). The red shaded area theoretically indicates an unstable
system.

participants (slope = 0.04 per 5 step/min; R> = 0.01; p =
0.55) but increased significantly for the participants affected
by PSP (slope = 0.23 per 5 step/min; R?> = 0.27; p < 0.001)
(Fig 5). The participants affected by PSP had a greater range
of cadence than the healthy participants, with the slowest
participant with a PSP walking at only 38 steps/minutes.
Hence, the participants in the PSP group had a greater risk of
falling the faster they walked, suggesting dynamic instability.

A significant effect of age was also observed on the mean
FM. The gait stability in the control group deteriorated with
age (slope = 0.01 per decade; R? = 0.13; p = 0.02) (Fig 6).
Gait stability in the patients affected by PSP did not change
with age (slope = 0.01 per decade; R? = 0.05; p > 0.05)
(Fig 6). Therefore, for healthy gait, the system’s stability
reduced, and its behavior became more susceptible to per-
turbation with age, but such a trend was absent in the PSP
affected gait.

C. Correlation Tests

The LF metrics and disease severity measures provided
distinct information about the patient’s gait. Specifically, the
maximal LE; showed no correlation with PSPRS (rho = 0.04,
p = 0.81) or PSPRS-GM (rho = 0.1, p = 0.54). Similarly, the
risk of falling, as indicated by the LEg, did not correlate with
PSPRS (tho = 0, p = 0.96) or PSPRS-GM (rho = 0.07, p =
0.68). Additionally, local gait stability, measured by the mean
FM, exhibited no correlation with PSPRS (tho = 0.04, p =
0.79) or PSPRS-GM (rho = 0.08, p = 0.62). These findings
suggested that LF metrics measured dynamic instability that
was not specifically captured in clinical scales. Conversely,
LF metrics were not appropriate for assessing overall disease
severity in PSP patients. Rather, both metrics were useful and
would add greatly to the quantification of the patient’s health
status.

IV. DISCUSSION
The current study modeled the M/L. movement of the CoM
relative to the CoP as an inverted pendulum. The system’s
stable point represented standing still, and “walking” was
defined as oscillations around this point [31]. The ground

reaction forces applied to this system maintain its stability,
at least for healthy human gait. However, PSP affected gait
exhibited lateral instability [8], [32] making the analysis of
dynamic stability in the M/L direction particularly important
for individuals with PSP.

The results of the current study indicated that individuals
with PSP experience dynamic instability, and their gait was
less tolerant to perturbation compared to able-bodied individ-
uals. While healthy gait stability and tolerance to perturbation
decreased with age, PSP-affected gait demonstrated a greater
degree of instability independent of age. This finding indicated
that the dynamic instability in PSP-affected gait as measured
by FM was not secondary to age and was greater than what
would be explained by age alone. Additionally, the risk of
falls in PSP-affected gait was found to be highly sensitive to
cadence. Individuals with PSP and greater cadence (more steps
per minute) were more dynamically unstable. This finding
aligned with clinical observation in individuals with PSP who
occasionally had a rapid uncontrolled small step that often
culminated in a fall [13], [33].

The maximal LE for a system described its ability to
overcome perturbations, and the average exponential rate
of divergence or convergence of its trajectories [15], [34].
A positive LE indicated that, post perturbation, the system
will diverge from its nearby trajectories, while a negative
LE indicates convergence [35]. Therefore, in a system with
LE < 0, a perturbation applied to the system would decay
eventually. Although, most participants in the current study
exhibited a LE; < 0, the dynamical system approximation
for the PSP affected gait yielded a greater LE; compared
to healthy gait, indicating a diminished ability to overcome
gait perturbations. External perturbations (e.g., trips) and the
inability to overcome them during gait caused instability and
may lead to falls [36]. The result from the current study
provided quantitative proof in support of this observation.

The correlation between LEs and the risk of falling was
established for the elderly population [19], [37]. Patients
affected by PSP are also known to be at a greater risk of falling
[33], [38]. There is currently no literature on the values of LEg
for PSP affected gait. The data in the current study showed that
the healthy elderly participants and the participants affected
by PSP had similar values of LEs. Hence LEs alone were not
able to distinguish the fall risk among this population. Fall
risk was measured by combining LEs with cadence such that
LEs increased with increasing cadence among those with PSP.
Bruijn et al.’s study showed that, for healthy gait, LEg did not
change significantly in the M/L direction with gait speed [39].
The results of the current study agreed with this finding for
the control group only. In the PSP group, those who walked at
slower speeds had reduced LEg values. A similar relationship
between cadence and frequency of falls in patients affected
by PSP was discussed by Lindemann et al. [40]. Patients
with PSP are well known to have a reduced cadence at their
preferred speed of walking [41]. These findings highlighted the
importance of reduced cadence as a possible compensatory
change to reduce fall risk and maintain dynamic stability,
particularly for individuals with PSP.

The participants in the PSP group had a more unstable gait
compared to the control group. While gait stability in PSP
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patients was investigated in prior studies, to our knowledge,
this study is the first to employ FM for assessing gait stability
in this population. Amano et al. reported that patients with PSP
increased their step width in an effort to increase the margin
of spatial stability [32]. In another study, the double support
time was used to indicate dynamic stability, however this was
an indirect measure, assuming that double support time would
be greater due to dynamic instability, but this metric could be
affected by other issues such as limb pain [8]. The values of
FM in the current study indicated that the gait of patients with
PSP was more unstable compared to healthy participants.

PSPRS is a disease severity scale that is used by
neurologists to grade the patients on various signs and symp-
toms related to PSP. The gait midline section of PSPRS
(PSPRS-GM) grades patients on a broad range of symptoms
related to gait (e.g., postural stability using pull test, neck
rigidity, etc.) [42]. The LF metrics purely represent gait insta-
bility as opposed to clinical scales, such as PSPRS, that are
an aggregated score of various motor and non-motor domains.
Hence it is not surprising that there was a lack of correlation
between these two modalities.

In the current research we demonstrated that LF metrics
captured PSP related gait instability and vulnerability to per-
turbation independent of age. However, the literature presented
inconsistent recommendations on using LE to describe gait
affected by parkinsonism. Most existing work was performed
in PD. Even though maximal LE; had construct validity, this
validity was lacking in observational studies [43]. Lahrimi’s
study reported that the LE; in PD affected gait was greater
than in healthy older adults, though the sample size was small
(N = 5 per group) [44]. In contrast, Torres-Pardo et al.’s study,
which had a larger sample size comparable to the current
study (34 healthy and 42 participants diagnosed with PD),
was inconclusive about the use of LE [45]. They observed
that PD affected gait exhibited a greater value of LE; and
a reduced value of LEs compared to healthy age-matched
individuals. Maximal LEg had demonstrated predictive validity
in observational studies [43]. However, Torres-Pardo et al.’s
statement that “the gait of Parkinson’s disease patients is
more stable than that of healthy controls” requires further
investigation. These conflicting results highlighted the need
for additional research with larger sample sizes to better
understand the role of LE in characterizing gait disturbances
associated with parkinsonism.

The current study used values of long-term LE calculated
analytically. The values of long term and short term LE used
in literature were generally calculated using numerical approx-
imation techniques [46]. These values of LE were generally
greater than 0, indicating poor perturbation tolerance and high
susceptibility to falls, even in healthy adults [16], [26], [46].
An analytical approach to calculate LE; and FM was recently
discussed [1]. This analytical approach was shown to result in
values of LE;, and FM that were closer to the observed gait
characteristics.

A. Study Limitations

A large dataset is essential for obtaining statistically precise
estimates of LE [43]. For example, Bruijn et al. reported better
precision in their estimates of LE at 150 strides [47]. The

current study included walking trials that were relatively short
(10 m each). A stitching procedure was performed to create a
longer data set (consisting of 19 gait cycles on average) and the
LE; was calculated using an analytical method. This approach
has been validated previously [1]. Sloot et al. also performed a
similar study on healthy adults with impaired balance control
due to galvanic vestibular stimulations and concluded that LEg
calculated over multiple trials stitched together was a suitable
measure to calculate local dynamic stability [28]. In a prior
study performed, our group compared various methods for cal-
culating FM and LE in a stitched dataset comprising multiple
trials, yielding LE values consistent with those reported in the
literature [1]. The goal of the current study was to identify
group-level trends and differences in gait behavior between
healthy gait and PSP affected gait. Reliable estimates of gait
stability using non-linear measures can still be obtained using
up to 14 strides, at which point a 30% variability about the
median value can be expected [48], [49]. Multiple prior studies
have used 10-14 strides to perform reliable analyses of non-
linear stability metrics like Lyapunov exponent analyses [4]
[48], [49]. The findings of the current study, when considered
alongside the observations listed above, suggested that using
shorter trials was not a major limitation.

B. Future Work

The LEs could be investigated as a metric for quantifying
fall risk in patients with PSP. Correlation between the disease
severity scales used as outcome measures for PSP (e.g., PSPRS
and the Unified Parkinson’s disease rating scale) to the metrics
of stability, perturbation tolerance, and risk of falls should also
be investigated. Together, these avenues will contribute to a
more comprehensive and adaptive framework for assessing and
improving gait stability in patients with PSP.

V. CONCLUSION

This study highlighted key differences in gait stability
between healthy older individuals and patients with PSP using
the Lyapunov Floquet theory. PSP affected gait was observed
to be more unstable and have reduced tolerance to perturba-
tions compared to healthy gait. The fall risk in patients with
PSP was also observed to be sensitive to their cadence. These
findings support the need for future research on PSP affected
gait and its stability using quantitative non-linear measures.
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